In this paper, a simple buoy was used for the power generation tests with a DE powered by waves in the two-dimensional wave tank and the experimental results were analyzed. This research result shows that the optimization of equipment shape and buoy based on the characteristics of the wave for power generation is very important. The extension and contraction of the DE are determined by the motion characteristics of the Heave of the simple shaped buoy model. Furthermore, in order to have freedom in tuning the motion characteristics of Heave, we found that a device capable of setting the spring characteristics of the DE to the smallest possible size with respect to the size of the floating body is necessary. By well matching these factors, high power generation with high efficiency can be realized in a real sea area.
Introduction


To harness one kind of renewable energy obtained from Japan's vast surrounding sea areas, ocean wave energy utilization techniques are currently being developed [1, 2] . Although ocean wave energy has the potential for large-scale power generation, it is inferior to other renewable energies with regards to its higher cost. Therefore, it is necessary to improve the utilization technique of wave energy in the future. The conventional method of wave power generation requires two conversion processes: the first is to convert wave energy to drive the turbine, and the second is to convert the kinetic energy of the turbine into electric energy. A wave power generator using a DE (dielectric elastomer) artificial muscle developed by Chiba et al. can directly obtain electrical energy by deforming the DE film with wave energy [3, 4] . In other words, no redundant energy conversion processes are required in the system. Therefore, it is very likely that the energy loss during conversion can be reduced as compared with other methods. The DE is low-cost, lightweight and highly shape-flexible. The high degree of flexibility for both mounting modes and the apparatus dimensions makes it possible to assemble multiple power generators within a small space [5] . In addition, since the deformation frequency of the elastomer hardly affects the power generation efficiency, there is no element whose frequency dependence appears other than the frequency characteristic of the moving object motion in the waves. The generation efficiency of the power generation motor varies depending on the rotation speed, but it is a major feature of elastomer that there is no such characteristic [6] .
In this paper, a simple buoy was used for the power generation tests with a DE powered by waves in the two-dimensional wave tank and the experimental results were analyzed. In this test, experiments were D DAVID PUBLISHING
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Elastomer Wave Power Generator Mounted on a Square Type Floating Body 180 carried out using a square type floating body which was not designed by considering the fluid mechanics. As a result, only 50% of the power generation conversion efficiency was obtained at the incident wave of 0.7 second. Chiba et al. [5] [6] [7] realized high power generation efficiency (70-90%) via optimization of both the equipment and the buoy shape. This research result shows that the optimization of equipment shape and buoy based on the characteristics of the wave for power generation is very important. By well matching these factors, high power generation with high efficiency can be realized in a real sea area.
Background of the Dielectric Elastomer Artificial Muscle
The DE developed for the actuator is thinly stretched by the Coulomb force when a voltage is applied, and then returned to its original state by the elasticity when the voltage is removed [8, 9] .
As shown in Fig. 1 , the electrodes coated on the elastomer surfaces attract each other because of the potential difference across the elastomer. The DE can be thinly extended via Coulomb force. The principle of power generation is reversed. The static electric energy is generated when the DE is stretched and subsequently elastically recovered.
Operating Principle of Generator
There are several ways in which DE can be used to produce electrical energy from the mechanical work used to stretch and contract it. Here we present one method based on a constant voltage cycle [10] .
Application of mechanical energy to stretch the DE causes a reduction in thickness and an expansion of the surface area (see Fig. 2a ). At this moment, a voltage may be placed upon the polymer (i.e. positive charges are placed on one side and negative charges on the other side). When the stretching forces are removed, the elastic recovery force of the DE acts to restore the original thickness and to decrease the surface area (see Fig. 2b ). The increase in thickness upon relaxation acts to push the opposite charges apart from each other, effectively raising the voltage applied to the DE. Even though the capacitance of the DE reduces upon relaxation, there is a net increase in the energy stored on the DE compared to that put on by the original application of the voltage. This increase can be harvested as electrical energy. The voltage can be measured and compared with predictions based on this DE theory developed by Chiba et al. [10] . In general, experimental data based on high impedance measurements are in excellent agreement with this prediction [10] .
Functionally, this mode resembles piezoelectricity, but its power generation mechanism is fundamentally different. With a DE, electric power can be generated even by a slow change in the DE shape, while for piezoelectric devices impulsive mechanical forces are needed to generate the electric power [3] . Also, the amount of electric energy generated and the conversion efficiency from mechanical to electrical energy can be greater than that from piezoelectricity [3, [11] [12] [13] [14] . At present, two approaches, (1) DE materials and mechanical systems using DEs [11] [12] [13] [14] [15] [16] [17] [18] [19] , and (2) operating strategies (circuit designs) [12, [16] [17] [18] [19] are studied. The electric energy generation is most secured by utilizing the permanently existing sea wave. Based on this idea, Chiba et al. [7, 20] conducted an experiment with a small power generation buoy mounted with a DE in a real sea area. As the small power generation buoy responds to the waves, the DE film elongates, so the power generation efficiency was evaluated by measuring and analyzing the response in the waves of the small power generation buoy in addition to the momentary power generation amount. Moreover, in this real sea area experiment, the output cycle for the wave of the small buoy with the DE was clarified. However, since the wave drifting force received by the small buoy greatly affects the power generation, it is not possible to evaluate the power generation amount of the DE only with the vertical motion. In addition, since it was measured under complicated phenomena due to multidirectional non-waves, it was confirmed that power generation characteristics could not be sufficiently evaluated.
Research Objectives
As described above, according to the previous research, the energy conversion efficiency of the buoy-type wave power generator with a DE has yet to be precisely determined, particularly the power generation property of the DE with vertical direction movement. In this work, therefore, we aim to clarify the power generation property of the DE mounted on the square type floating buoy with vertical direction movement in the two-dimensional water tank.
Two-Dimensional Water Tank Experiment
Outline of Experiment
The apparatus adopted in this work takes the form of a DE mounted on the top of the buoy. The piles that were installed on the buoy act as guide at the bottom of the tank (above the temporary bottom). Four guides were used in order to secure sufficient mooring force at the connection points on the four sides of the buoy. Furthermore, a rope mooring the DE passes through the interior of the buoy and is threaded through the valleys installed at the bottom of the tank, and the DE was pre-stretched by fixing the end of the rope to the top of the tank at the point of P. The incident wave was measured at a position of 6.35 m from the end of the ramp. The schematics are shown in Fig. 3 . 
In order to evaluate the power generation of the DE with vertical direction movement, a regular wave was adopted as the incident wave, which was generated by the piston-type plate. The depth of water was 0.4 m, where the center of gravity of the model was located. The wavelengths of both long waves and short waves were measured for the regular waves. The measured specifications of period and height of the wave are shown in Table 1 .
In this experiment, power generation was realized via the extension and contraction of DE, which was wire-connected to the buoy with vertical movement. The DE was installed at the center of gravity of the buoy, and was fixed to the upper portion of the buoy by screws. The specifications of experimental model and DE are shown in Table 2 , and Photo 1 shows the photographs of the model installation. 
Experimental Analysis Method
In this experiment, the power P I of the regular wave acting as incident wave is determined, which is calculated utilizing the water density , the amplitude of incident wave a, the buoy width B, the water depth h and the wave number k, as represented by the following Eq. (1).
The buoy displacement is determined with one CCD camera by measuring two marks placed at the center of gravity of the buoy mounted with a dielectric elastomer via a two-dimensional analysis system. Then, each motion component was resolved and calculated with Fourier analysis method. The Heave component was taken as  3 , and the Pitch component was taken as  r . Details in Eqs. (2) and (3) . The horizontal axis is the dimensionless wave number, and L is the width of the buoy model. It was found that the power of incident wave decreases as the dimensionless wave number increases. Furthermore, the amplitude of the incident wave was set to be 0.02 m during the model experiment. Fig. 6 shows the final electrical energy output of experimental model mounted with dielectric elastomer, and the horizontal axis is the dimensionless wave number like Fig. 5 . The vertical axis is the energy per unit time converted from the electrical energy output in the experiment, i.e. the power. Although the power variation with respect to the wave number of the incident wave is not significant, it can be confirmed that the energy output increases with the dimensionless wave number. Fig. 7 shows the power generation (mJ) of the DE versus experimental time. The vertical axis is the power generation, which represents the energy accumulation. The horizontal axis is the real time during experiment. Each plot corresponds to the incident wave with a different period. It is found that larger power generation can be achieved for the incident waves with a shorter period. Particularly, the power generation remarkably increases when the period of the incident wave is 0.7 s. The staircase change can be seen in each plot. This is due to the expansion and contraction of the DE corresponding to the response of the single vibration of the buoy with regular wave, and the rising stage corresponds to one cycle movement of the incident wave. Therefore, the shorter wave period results in more vibration cycles, are shown the time between 10 s and 20 s in Fig. 7 . Although the power generation within one cycle does not show significant variation with the wave period, the difference can be seen when the data are exhibited as the energy output per unit time, the trend of which is shown in Fig. 6 . In other words, the wave period does not remarkably affect the power generation within one cycle, while under the same conditions the power of energy output increases as the wave period decreases. For this reason, the power of energy output increased in the region with shorter wave periods, or at the side with larger dimensionless wave numbers, as seen in Fig. 6 . In other words, the shorter wave period and larger wave number result in higher power generation efficiency. In this experiment, an energy conversion efficiency of 50% was achieved within 0.7 s of the incident wave, which verifies the outstanding power generation performance. However, the energy output characteristics are largely dependent on the wave number of the incident wave. As described above, under the same experimental conditions, the power generation energy is the same within one cycle, while the power generation energy per unit time is smaller for the wave with longer periods. Furthermore, as shown in Fig. 5 , smaller dimensionless wave numbers, or a longer wave period of the incident wave, results in higher wave power, which leads to the significant dependence of the energy conversion efficiency on the wave number, or the wave period. Fig. 9 shows the response function of the Heave component of the buoy model. The horizontal axis represents the dimensionless wave number. Since the theoretical calculation in the figure is based on the analysis of three-dimensional cases, it is regarded as a reference here. The model experiment was operated in a two-dimensional water tank. However, the experimental data matched well with the theoretical calculation because there is a gap between the buoy model and the side walls, and the wavelength of the incident wave adopted in this experiment is longer than the length of the buoy model. However, the differences between the theoretical calculation and experimental value become remarkable in the long-period region with small dimensionless wave numbers, which is because when the movement increases, the nonlinearity of the response of the DE becomes significant, and the maximum displacement tends to be suppressed low as the restoring force increases. The theoretical calculation assumes the force response characteristic of the DE as that of a linear spring in the frequency domain.
Results and Discussion
As the characteristic of Heave motion of the model, the displacement increases at the long-period side with small dimensionless wave numbers, which tend to be constant in the region with kL >1.5. In this experiment, the square type floating buoy is adopted and the horizontal movement of the buoy is completely restrained. The buoy performs two degrees of freedom movements, i. [6, 7] . Also in this work, the importance of the optimization of the equipment shape and the design of the floating body was confirmed.
Even in actual sea areas, if the optimum shape and design are matched, it is thought that high output and high efficiency power generation corresponding to the waves unique to the area can be realized.
Conclusions
In this work, the potential application of the DE mounted on the simple buoy was studied, and the conclusions are summarized below.
(1) The power generation efficiency improves as the dimensionless wave number of the short-period incident wave increases.
(2) In this work, energy conversion efficiency about 50% is realized even for a simple buoy without considering the shape of the buoy within 0.7 s of the incident wave. In the future, high power generation with high efficiency is likely to be realized via the optimization of equipment shape and the buoy design, as indicated by Chiba et al. with an efficiency as high as 90%.
(3) However, the result of (2) shows that the dependence of power generation output characteristics on the wave number and wave period is remarkable.
(4) The extension and contraction of the DE are determined by the motion characteristics of the Heave of the simple shaped buoy model. Furthermore, in order to have freedom in tuning the motion characteristics of Heave, we found that a device capable of setting the spring characteristics of the DE to the smallest possible size with respect to the size of the floating body is necessary.
(5) By optimizing the shape of the equipment and matching it with the optimum floating body, it may be possible to realize high power with high efficiency in actual sea areas.
